It is speculated that the function of the replication fork barrier (RFB) site is to avoid collision between the 35S rDNA transcription machinery and the DNA replication fork, because the RFB site is located near the 3-end of the gene and inhibits progression of the replication fork moving in the opposite direction to the transcription machinery. However, the collision has never been observed in a blockless (fob1) mutant with 150 copies of rDNA. The gene FOB1 was shown previously to be required for replication fork blocking activity at the RFB site, and also for the rDNA copy number variation through unequal sister-chromatid recombination. This study documents the detection of fork collision in an fob1 derivative with reduced rDNA copy number (∼20) using two-dimensional agarose gel electrophoresis. This suggests that most of these reduced copies are actively transcribed. The collision was dependent on the transcription by RNA polymerase I. In addition, the transcription stimulated rDNA copy number variation, and the production of the extrachromosomal rDNA circles (ERCs), whose accumulation is thought to be a cause of aging. These results suggest that such a transcription-dependent fork collision induces recombination, and may function as a general recombination trigger for multiplication of highly transcribed single-copy genes.
Replication fork barrier (RFB) sites have been identified in the genomes of many organisms. In eukaryotic cells, RFB sites are found in the ribosomal RNA gene repeats (rDNA). Among them, the RFB of the yeast Saccharomyces cerevisiae has been the most intensively studied. S. cerevisiae carries ∼150 copies of the rDNA unit that are tandemly repeated on Chromosome XII (Petes 1979) . A single unit consists of two transcribed regions, 35S precursor rRNA and 5S rRNA coding regions, and two nontranscribed regions, NTS1 and NTS2 (Fig. 1) . The DNA encoding 35S and 5S rRNA genes is transcribed by RNA polymerases I (Pol I) and III, respectively. The origin of replication (ARS) and the RFB are located in the NTS2 and NTS1, respectively (Skryabin et al. 1984; Brewer and Fangman 1988; Linskens and Huberman 1988) . The RFB contains a specific nucleotide sequence of ∼100 bp that allows progression of the replication fork in the direction of 35S rRNA transcription, but not in the opposite direction (Brewer et al. 1992; Kobayashi et al. 1992) .
The gene FOB1 was isolated as an essential gene for the RFB and HOT1 (see below) activities (Kobayashi and Horiuchi 1996) . In fob1-defective mutants, replication fork blocking activity at the RFB is lost, and recombination in the rDNA repeats is much reduced (Kobayashi et al. 1998; Defossez et al. 1999; Kaeberlein et al. 1999; Johzuka and Horiuchi 2002; Merker and Klein 2002) . Additionally, deletion of the RFB from the rDNA repeats resulted in defects in repeat expansion and contraction . Therefore, inhibition of the replication fork seems to be required for the activation of recombination in the rDNA repeats.
It was previously shown that blockage of the replication fork at the terminus (Ter) site in Escherichia coli stimulates homologous recombination at nearby sister chromosomal regions (Horiuchi et al. 1994; Horiuchi and Fujimura 1995) . The Ter site is a sequence that, together with the Tus protein, appears to function to ensure that two replication forks that have initiated bidirectionally from an origin of replication can enter the termination zone of the chromosome but cannot escape it (for review, see Hill 1996) . Therefore, it was speculated that pausing of the DNA replication machinery at a replication fork blocking site would lead to the formation of doublestrand breaks (DSBs) in the newly replicated DNA (Horiuchi et al. 1994 : Kobayashi et al. 1998 . These DSBs are then thought to be repaired by a recombination process via the formation of a new replication fork as shown in the model proposed in Horiuchi and Fujimura (1995) , based on the DSB repair model of Szostak et al. (1983) .
Fob1-dependent recombination in the rDNA repeats is required not only for expansion and contraction of the rDNA repeats (Kobayashi et al. 1998 ), but also for production of extrachromosomal rDNA circles (ERCs) whose accumulation enhances aging (Defossez et al. 1999) . It was reported that in an fob1 mutant, ERCs are almost undetectable and the life span is 30%-60% longer than that of wild-type cells (Defossez et al. 1999 ). However, the mechanism for this longevity is still unknown.
The RFB and FOB1 are also required for HOT1 activity. HOT1 is a DNA element that stimulates mitotic intra-and interchromosomal recombination at nearby regions when inserted at a non-rDNA location (Keil and Roeder 1984) . HOT1 consists of two elements: the Eelement, which overlaps the "enhancer" for RNA polymerase I transcription (Elion and Warner 1984) ; and the I-element, which corresponds to the promoter region for Pol I transcription ( Fig. 1 ; Keil and Roeder 1984; VoelkelMeiman et al. 1987) . Stimulation of Pol I transcription by the E-element was observed only for ectopic Pol I promoters and not for Pol I transcription of chromosomal rDNA (Wai et al. 2001) . The same study also showed that FOB1 is required for transcription from ectopic Pol I promoters. Therefore, stimulation of recombination by HOT1 appears to be caused by strong Pol I transcription events from ectopic Pol I promoters (Huang and Keil 1995) . It was also shown that the RFB overlaps the E-element, but the replication fork blocking activity itself is not required for HOT1 activity (Ward et al. 2000) .
The location of the RFB site near the rDNA transcription termination site and its directionality in function led to suggestions that the RFB might have evolved to prevent collision between the transcription and replication machineries (Brewer et al. 1992; Kobayashi et al. 1992) . However, in an fob1 mutant, whose replication blocking activity is deficient, collision was not observed at the RFB or any other sites (Kobayashi and Horiuchi 1996) . Theoretically, in an fob1 cell, as the replication forks proceed bidirectionally, collision of the two machineries is expected. One possible reason for the apparent failure to detect the collision could be the presence of many transcriptionally inactive rDNA units. Sogo and collaborators estimated less than half of the rDNA repeat copies are transcriptionally active (Dammann et al. The locations of the 35S and 5S rRNA genes (the direction of transcription is indicated by arrows) are shown in the upper part. The recognition sites of BglII are also shown. The two nontranscribed spacer regions (NTS1 and NTS2), the ARS (replication origin), and its surrounding regions are expanded below. The RFB (replication fork barrier site) is indicated. The striped box is the region used for the rDNA-specific probe. The solid bars I and E are the components of HOT1. Two arrows in the bottom part show progression of one of the replication forks started from the ARS, bidirectionally. The upper fork (WT, wild type) is arrested at the RFB, and the lower one (TAK300; fob1, low rDNA copy number) is slowed down in the 35S rDNA. SDR is the region in which the replication fork is slowed down (Fig. 2C, panel c) . The recognition sites of SphI and BglII, which were used for the 2D gel analysis (Fig. 2C) , are also shown. (B) Structure of the helper plasmid, pRDN-hyg1 (Chernoff et al. 1994 ). The filled box shows an rDNA unit. The hygromycin B-resistance mutation site is indicated in the 18S rDNA. This plasmid was used to isolate strains with low copy numbers of rDNA repeats. 1993). In addition, the active ARSs are also limited (∼20% of the ARSs initiate replication; Brewer and Fangman 1988; Linskens and Huberman 1988) . Recently, Pasero et al. (2002) demonstrated that some of the inactive ARSs are repressed by the silencing machinery. However, in the silencing defective condition, more than half of the ARSs are still inactive. Therefore, even though the active ARSs tend to be located in the actively transcribed units (Muller et al. 2000) , units whose transcription machinery collides with the replication fork would be many fewer than noncollision units, and therefore the collision was not detected.
In this paper, we isolated fob1 derivative strains whose rDNA copy number is ∼10-20. In these strains, most of the rDNA copies are expected to be transcribed (French et al. 2003) . The results show that the rate of replication fork progression is slowed down in a 35S rDNA transcription-dependent manner. Moreover, transcription stimulated recombination, resulting in rDNA copy number variation and production of ERCs. These results suggest that collision of the replication fork with the transcription machinery takes place when RFB activity is lacking, and such a transcription-dependent collision is a trigger of recombination. This form of recombination may lead to gene duplication and/or chromosomal rearrangements.
Results

Isolation of low-copy-rDNA strains
We used the following strategy to isolate a strain (TAK300) whose rDNA copy number is much reduced. A helper plasmid (pRDN-hyg1; Chernoff et al. 1994 ) that carries a copy of the rDNA repeats was transformed into the wild-type strain . The 18S rRNA gene of the 35S precursor rRNA gene in this plasmid contains a mutation that makes the ribosomes resistant to hygromycin B (Fig. 1B) . Because the mutation is recessive to the wild-type 18S rRNA gene, the original strain carrying this plasmid is sensitive to hygromycin B. Selection of hygromycin-resistant colonies produces strains in which chromosomal rDNA copy number is much reduced . The FOB1 gene of these low-copy-rDNA strains was then disrupted to stabilize rDNA copy numbers. Plasmid pRDN-hyg1 was subsequently removed by using a plate including 5-FOA. To determine the copy number, the DNA was digested with BglII and subjected to electrophoresis followed by Southern analysis using a probe specific for chromosomal rDNA repeats (Fig. 1A) . A single-copy gene, MCM2, was used as an internal control for normalization. As shown in Figure 2A , the intensities of the 4.6-kb BglII fragment indicate the rDNA copy number in TAK300 is significantly reduced relative to that in the control strains, NOY408-1b (wild-type strain), and the fob1 mutant, NOY408-1bf. Quantification after normalization by MCM2 intensity (Fig. 2B ) indicated that the copy number of TAK300 was reduced to approximately one-eighth (∼20 copies) of that in the control strains. As we could not isolate any strain whose copy number was <20, we believe this is close to the minimum number of rDNA copies to allow cell growth. The doubling time of this strain was ∼20% longer than that of the wild type, and the rate of rRNA synthesis was similar to that of the wild type (data not shown). Recently, French et al. (2003) observed by Miller-spread electron microscopy that, in strains with ∼40 rDNA copies, most of the copies were transcribed to keep the rate of rRNA synthesis similar to that of the wild type. This suggests that, in our low-copyrDNA strain, most rDNA copies would be actively transcribed.
Detection of collision between the transcription machinery and the replication fork
To monitor the progression of the replication fork in TAK300, DNA was isolated from logarithmically growing cells, subjected to two dimensional (2D) agarose gel electrophoresis (Brewer and Fangman 1987) after digestion with BglII and SphI, and followed by Southern analysis using the rDNA probe (Fig. 1A) . The results are shown in Figure 2C . As a control experiment, DNA from the wild-type strain (NOY408-1b) and the fob1-defective mutant strain (NOY408-1bf), which carry ∼150 copies of rDNA, were used ( Fig. 2B ; Kobayashi et al. 1998) . As shown in Figure 2C , panel a, the spot corresponding to accumulated replication intermediates (RIs) at the RFB site was observed in the wild-type strain but not in the fob1 mutant strains NOY408-1bf and TAK300 (Kobayashi and Horiuchi 1996) . However, there is a significant difference between NOY408-1bf and TAK300. In NOY408-1bf, the arc of Y-shaped RIs is largely uniform between 1× and 2× of the size of the region analyzed (Fig. 2C, panel b) . This means that the replication fork progresses in this region at approximately the same rate. In contrast, in TAK300 there is an intense region of hybridization along the arc [indicated by SDR (slowdown region) bounded by arrows in Fig. 2C , panel c]. The SDR occupies the region between the RFB site and the position corresponding to 2× (the largest Y-shaped molecules just before their resolution into two linear molecules). As the RFB site is located near the 3Ј-end of the 35S rDNA (Fig. 1A) , the results are consistent with a slow rightward progression of the replication fork within the 35S rRNA coding region (Fig. 1A, lower panel) . This slowdown of progression may be caused by collision of the replication machinery with the 35S rDNA transcription machinery. To confirm this inference, we constructed another low-copy strain (TAK301) in which an essential Pol I subunit (RPA135) and FOB1 are defective and growth is supported by a multicopy helper plasmid (pNOY353) containing the 35S rRNA coding region fused to a strong Pol II promoter, the GAL7 promoter (Oakes et al. 1998) . The rDNA copy number of rDNA in TAK301 was shown to be ∼10 (Fig. 2B) . In this strain, no preferential slowdown of replication fork progression in the 35S rRNA coding region was observed (Fig. 2C, panel  d) , although the arc signal was weak presumably because of the low copy number of rDNA and the slower growth Transcription-dependent recombination rate of this strain relative to the others. After complementation with a plasmid-borne RPA135 gene, the SDR was again observed (Fig. 2C , panel e), although the signal was a little weaker than that of TAK300. We suggest that the reason for the reduced signal is that the multicopy helper plasmid (pNOY353) compensates transcription of chromosomal rDNA. Therefore, the reduced level of chromosomal rDNA transcription results in a moderated level of collision. These results indicate that the slowdown of the replication fork observed in TAK300 is dependent on 35S rDNA transcription by Pol I.
Collision between the transcription machinery and the replication fork stimulates recombination in the rDNA repeats
Fob1-dependent replication fork blocking activity at the RFB site is essential for the recombination in the rDNA repeats (Kobayashi et al. 1998; Defossez et al. 1999; Johzuka and Horiuchi 2002) . Therefore, the inhibition of replication fork progression induced by transcription as observed in TAK300 could also stimulate the recombination. To examine this possibility, the level of ERCs, which are produced by intrachromosomal recombination from the rDNA repeats, was measured in the lowcopy fob1-defective strain (TAK300) and in the other control strains. In the wild-type strain, ERCs are induced by Fob1-dependent recombination at the RFB (Defossez et al. 1999; Johzuka and Horiuchi. 2002) . DNA was isolated from TAK300 and the other control strains, and the gel electrophoresis was performed. The results are shown in Figure 3 . For the wild-type strain (NOY408-1b in Fig. 3 ), monomer and dimer ERCs were observed. As expected, these ERCs were nearly absent in the control fob1 strain (NOY408-1bf), which has ∼150 copies of rDNA. In contrast, in a low-copy fob1-defective strain, the ERCs could be detected (TAK300 in Fig. 3) . Furthermore, in the low-copy fob1-defective strain whose RPA135 is deleted (TAK301; fob1, rpa135; Fig. 3 ), ERC molecules were not observed. And after complementation with a plasmid-borne RPA135 gene, ERCs were again observed. [Note: The dimer ERCs display a double band. We suggest the reason is because of torsional differences, because ERCs are known to be covalently closed circular molecules (Sinclair and Guarente 1997) . We think the upper band might be an open circular molecule, resulting from DNA preparation.] These results suggest that the high level of transcription of rDNA in the low rDNA copy strain induces the production of ERCs by enhancing recombination, even in the fob1-defective background.
Next, we observed whether or not the recombination BglII and subjected to electrophoresis followed by Southern analysis using the rDNA probe (Fig. 1) . A single-copy gene, MCM2, was used as an internal control for normalization. (B) Quantitation of the intensities of the bands. NOY408-1b (wild-type strain), NOY408-1bf (fob1), TAK300 (fob1; low-copy rDNA strain), TAK301 (fob1 pol1; low-copy rDNA strain). (C) Collision between the transcription and the replication machineries analyzed by 2D gel analysis. DNA was prepared from the strains indicated, digested with BglII and SphI, and subjected to 2D agarose gel electrophoresis followed by Southern hybridization using the rDNA probe (see Fig. 1 induced by transcription could change the copy number of rDNA. In wild-type cells, expansion and contraction of rDNA repeats is dependent on Fob1p and the RFB activity (Kobayashi et al. 1998 ). TAK300 cells from a single colony were streaked on a YPD plate followed by single-colony isolation, and this process was repeated five times. Eight colonies were picked, four from the first plate and four from the fifth plate, and DNA was isolated using agarose gel blocks to minimize DNA damage. The DNA was digested with the BamHI restriction enzyme, whose recognition site does not exist in the rDNA repeats (Fig. 1A) . Copy numbers of repeats were then estimated from the length of the fragments containing rDNA. As the BamHI fragment includes the non-rDNA regions (39 kb) outside the repeats, the numbers of repeats were calculated after subtraction of 39 kb from the length of the BamHI fragments. The results of the pulsed-field gel electrophoresis are shown in Figure 4A .
The length of the repeats in the independent TAK300 colonies varied both in the first (∼26 generations from the starting single colony) and fifth (∼98) plates, and their rDNA copy numbers correspond to 17-23, suggesting that copy number can be altered in TAK300 within this range. In contrast, in the Pol I transcriptionless strain (TAK301; fob1 rpa135), the copy number of the rDNA repeats was not altered over 90 generations (Fig. 4B) . When the wild-type RPA135 gene carried on a shuttle vector was introduced into this rpa135 strain, increases in the number of rDNA repeats were observed in some clones. As shown in Figure 4C , the rDNA copy number varied from 10 to 18. These results strongly suggest that transcription of rDNA by Pol I induces changes in the copy number even in the fob1 background, if the rDNA repeat number is kept small.
The transcription-dependent ERCs shorten the life span
It was originally reported that a cause of aging in S. cerevisiae is the accumulation of ERCs (Sinclair and Guarente 1997) . Defossez et al. (1999) observed that an fob1-defective mutant had an extended life span compared with wild-type cells, and that the ERC level in the mutant was much less than that of the wild type (Fig. 3) . We repeated the experiment with our fob1-defective strains and obtained similar results. Daughter cells that bud off from a virgin mother cell during her life were counted. As shown in Figure 5 , the life span of the fob1 mutant (shown by empty circles) measured in this way was 28 generations, and 18 generations for the wild-type strain (shown by empty squares); that is, the life span of the fob1 mutant was ∼56% longer than that of the wildtype strain (P < 0.001). We then measured the life span of the low-copy fob1-defective strain (TAK300) whose ERCs were observed in Figure 3 . The life span (22 generations; Fig. 5 , indicated by solid circles) was ∼21% shorter than that of the control normal-copy-number fob1 strain (P < 0.001), but it was still longer than that of the wild type strain (P = 0.03).
Discussion
We report here that in an fob1-defective strain whose rDNA copy number is reduced to ∼20, slowdown of rep- Figure 3 . Detection of the extrachromosomal rDNA circles (ERCs). DNA isolated from various strains was subjected to electrophoresis (0.6% agarose gel for 20 h at 1 V/cm) followed by Southern hybridization using the rDNA probe (see Fig. 1 ). The positions of monomer ERC, dimer ERC, and genomic rDNA are indicated by arrows. The strains are the same as used in Figure  2C . We used the same number of cells, which were determined by spectrometer to isolate the DNA. DNA was isolated using agarose gel blocks, digested with BamHI, and subjected to PFGE, followed by hybridization with the rDNA probe (see Fig. 1 ). As there is no BamHI recognition site in the repeats, the length of the fragment indicates the rDNA copy number. This fragment includes 39 kb of non-rDNA region. The numbers above the autoradiograph show the number of generations after purification from single colonies. (A) TAK300 (fob1; low-copy rDNA strain). (B) TAK301 (fob1 pol1; low-copy rDNA strain). (C) TAK301, complemented by a plasmid-borne RPA135 gene (fob1 POLI; low-copy rDNA strain).
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Cold Spring Harbor Laboratory Press on December 28, 2017 -Published by genesdev.cshlp.org Downloaded from lication fork procession in the 35S rDNA was observed by using 2D gel electrophoresis. As the slowdown activity was dependent on 35S rDNA transcription, we propose that the activity is the result of collision between the replication and transcription machineries. Furthermore, recombination was induced by transcription, as detected by ERC production and rDNA copy number variation. These results suggest that collision of the two polymerases may induce this recombination in the rDNA.
Stimulation of mitotic recombination by transcription is known in yeast cells (Thomas and Rothstein 1989; White et al. 1992; Nevo-Caspi and Kupiec 1994; Huang and Keil 1995; Saxe et al. 2000) . Although the mechanism of transcription-associated recombination is still unclear, the torsional stress created by high levels of transcription is thought to lead to recombination-initiating lesions (Lui and Wang 1987) . Mutations of structural genes for topoisomerases TOP1, TOP2, and TOP3 confer hyperrecombination in the rDNA (Christman et al. 1988; Wallis et al. 1989) . Recently, Olavarrieta et al. (2002) reported that transcription proceeding in the opposite direction to replication also creates torsional stress. It is possible that the slowdown of the replication fork reported in this paper may be a result of the torsional stress, as well as the physical collision of both DNA and RNA polymerases. Inhibition of replication is known to be a cause of recombination as mentioned above. Some mutations in DNA polymerase and helicase genes enhance recombination in the rDNA (Ivessa et al. 2000) . In some cases, fork arrests were observed along the genome, and they could be triggers of recombination via double-strand breaks. The slowdown region (SDR; Fig. 2C , panel c) may have similar recombination effects as fork arrest, as discussed below (Fig. 6B) .
In Escherichia coli and Bacillus subtilis, all of the rRNA genes are transcribed in the same direction as replication proceeds. As transcription of the genes is highly active in these cells, the direction of the transcription may be the same as the direction of replication to avoid collision. In our laboratory, a recombination hot spot at the end of the rRNA gene was recently identified in E. coli (K. Ohsumi and T. Horiuchi, in prep.) . The hot spot activity can be observed when the replication initiates from a site other than the origin (oriC) and some replication forks proceed in the direction opposite to rDNA transcription. This hot spot activity was dependent on the transcription of the rRNA gene, and the slowdown of the replication fork also occurred in the transcribed region (K. Ohsumi and T. Horiuchi, in prep.) . Therefore, transcription-dependent recombination in rRNA genes seems to be a general phenomenon from bacterial to eukaryotic cells.
In our experimental system using a low-copy-rDNA strain, most of the rDNA units should be transcriptionally active (French et al. 2003) . However, this system may have the opposite effect on the activity of ARSs. Pasero et al. (2002) reported that ARS activity in the rDNA is partially repressed by the silencing machinery. Therefore, in a low-copy-rDNA strain, the silencing machinery will be in excess relative to the copy number and may reduce the number of active ARSs in the rDNA. This may explain the weak signal of replication intermediates in the 2D analysis (Fig. 2C, panel d) , in addition to the poor growth rate of the cells.
In wild-type strains of E. coli and yeast, collision is not observed because the replication forks are protected against the rDNA transcription machinery by the replication fork barrier site, Ter in E. coli and RFB in yeast. Therefore, one of the physiological functions of the replication fork barrier sites could be prevention of such a collision (Brewer 1988) . This seems to suggest that the collision, or the resulting recombination, should impose a burden on the cells. One possible reason is that the collision may lead to damage of the gene, and the repair may induce mutation. The damage may cause doublestrand breaks (DSBs), which are known as a substrate for recombination enzymes ( Fig. 6C; for review, see Rothstein et al. 2000) . This kind of recombination repair, which includes new DNA synthesis, may result in errors more frequently than normal DNA replication (Strathern et al. 1995) . The collision may result in not only replication pausing but also in inhibition of transcription elongation, and the inhibition would be disadvantageous for the cells. Aguilera and collaborators isolated genes, HPR1 and THO2, which are responsible for transcript elongation (Chavez and Aguilera 1997; Piruat and Aguilera 1998) . In the mutants defective in these genes, the rate of recombination between tandemly repeated sequences is extremely high. The authors speculated that the transcriptional block is a source of recombination in these mutants. A similar block of elongation might be Figure 5 . Life span analysis. The analysis was performed on NOY408-1b (white box), NOY408-1bf (white circle), and TAK300 (filled circle) as described previously (Kennedy et al. 1994) . Life span was determined by scoring the number of daughter cells produced by each mother cell before cessation of all division. The average life spans were as follows: NOY408-1b = 18; NOY408-1bf = 28; TAK300 = 22.
induced by collision in the rDNA repeats and cause instability of the repeats. Additionally, high levels of nonrDNA transcription are known to increase spontaneous mutation rates in yeast (Datta and Jinks-Robertson 1995) . Such a high level of transcription may also induce similar effects to the collision and lead to damage of the gene, although the mechanism is unknown.
In eukaryotic cells, which have multireplicon genomes, the collision of DNA replication machinery with RNA transcription machinery may not be avoidable. In fact, in S. cerevisiae, most replication origins have been mapped on Chromosome VI, and the direction of the replication is not always coincident with that of transcription (Friedman et al. 1997 : Yamashita et al. 1997 ). Deshpande and Newlon (1996) reported that there are replication pausing sites at transfer RNA (tRNA) genes. The sites are polar, stalling replication forks only when they are opposite to the direction of the transcription. It was shown that the pausing activities are dependent on RNA polymerase III transcription. The authors suggested that head-on collisions between transcription and replication machineries result in the pausing activity. Of course, collision was not only caused by the directionality of the polymerases. In the case of low transcription of a gene, even if the direction of the polymerases is opposite, collision may be rare. In contrast, actively transcribed genes, like tRNA and rRNA genes, can actually inhibit replication if the replication fork proceeds in the Figure 6 . The transcription-dependent recombination model for rDNA repeat expansion, contraction, and production of ERCs in TAK300 (low rDNA copy number, fob1). The positions of the ARS and the 35S rDNA are shown as filled dots and arrows, respectively. Individual lines represent chromatids with double-stranded DNA. In this model, DNA replication starts from one of the ARSs (ARS-2) bidirectionally (A). As all of the 35S rDNA units are transcribed fiercely in this strain, the rightward replication fork is slowed down in the 35S rDNA (SDR; B), and we propose that it stimulates a DNA double-strand break (indicated by an arrowhead in C). As the strain is fob1, the replication fork barrier (RFB) site at the 3Ј-end of the 35S rDNA is not functioning. (D) A strand invasion at a homologous duplex (a downstream sister chromatid near ARS-1 in this example) takes place, and a new replication fork is formed. (E) The new replication fork meets with the leftward replication fork, resulting in formation of two sister chromatids, one of which gains an extra copy of rDNA, indicated as a striped line. If the strand invasion is at a site in an upstream repeat (e.g., right side of ARS-3), a loss, rather than a gain, of an rDNA repeat is expected. If the strand invasion is at a site in the same chromatid (DЈ), an ERC is produced (EЈ). Then another invasion takes place (EЈ, lower part) and two sister chromatids are formed (FЈ). The region that is replicated twice is indicated as a striped line in FЈ. A similar model that does not involve transcription-related ERC production is presented by Rothstein and Gangloff (1999) .
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The life span of TAK300 was significantly shorter (P < 0.001) than that of a control fob1 mutant whose rDNA copy number is ∼150 (Fig. 5) . As the only difference between the two strains is the rDNA copy number, the change in life span seems to be related to copy number. As shown in Figure 3 , in TAK300 the accumulation of ERCs, which is thought to be a trigger of aging, was observed, but it was not seen in the control fob1 mutant. Therefore, it could be speculated that the reduction in ERC in fob1-defective strains is partially ameliorated by recombination triggered by fork collision in the lowcopy-number strain, suggesting that ERC accumulation decreases life span as previously described (Sinclair and Guarente 1997) . However, the relationship between ERC accumulation and aging is still controversial (Hoe et al. 1999) , and whether ERC accumulation reduces TAK300's life span, or whether another factor(s) related to rDNA copy number does, is not known. Further analysis is required to resolve this problem. [Note: TAK301 contains the rDNA helper plasmid (pNOY353), which may also affect life span, independently of rDNA copy number. Therefore, we did not measure life span in this strain (Sinclair and Guarente 1997).] Our experimental system is an artificial one. As we speculate that collision is rare in wild-type strains because of the large number of transcriptionally inactive repeats, we had to delete FOB1 and keep the rDNA copy number low to observe collision. However, in any region except rDNA repeats, genes exist as a single copy and also RFB sites are not located at the end of the genes. Therefore, our artificial system mimics general highly transcribed gene structures in the genome.
Materials and methods
Strains, plasmids, and media
The yeast strains and plasmids used are listed in Table 1 . SD is a synthetic glucose medium (Kaiser et al. 1994) . SD supplemented with required amino acids and adenine was used to select transformants or strains carrying unstable plasmids. Isolation of low-copy-rDNA strains is described in the text. For the selection, YPD medium containing 0.3 µg/mL hygromycin B (Sigma) was used. SG and YEP-galactose are the same as SD and YEPD , respectively, except that 2% glucose is substituted by 2% galactose. SG supplemented with required amino acids and adenine was used to grow strains carrying a helper plasmid pNOY353, whose 35S rDNA is under the control of a galactose-inducible promoter. The incubation temperature was 30°C.
Determination of rDNA copy number
DNA digested with BglII was subjected to 1% agarose gel electrophoresis and analyzed by Southern hybridization using rDNA probes (0.5-kb fragment prepared by PCR in Fig. 1 ). This probe hybridizes only to the chromosomal rDNA, not to plasmid pNOY353. For MCM2 normalization, an MCM2 1.4-kb fragment prepared by PCR was used (Kobayashi et al. 1998 ). The level of hybridization was determined by PhosphorImager analysis (BAS2000; Fuji Film). To determine absolute copy numbers of rDNA, the copy number of the wild-type strain NOY408-1b was determined by a competitive PCR assay (Diviacco et al. 1992 ) as previously described (Kobayashi et al. 1998) . The copy numbers of other strains were determined by comparison with the NOY408-1b.
Detection of the expansion and contraction of rDNA repeats
The approximate number of generations of yeast cells used for rDNA copy determination was first estimated from the size of colonies formed from single transformants. Single colonies with 1-mm diameter contain approximately 2 × 10 5 cells, and we assume that this corresponds to 18 generations starting from an individual ancestor cell. After repeated streaking, liquid cultures were inoculated using colonies with 1-mm diameter and the number of generations grown in liquid medium was calculated by measuring the absorbance at 600 nm.
For pulsed-field gel electrophoresis (PFGE), chromosomal DNA isolated as previously described (Smith et al. 1988 ) was digested with BamHI and subjected to gel electrophoresis in a 1% agarose gel, 0.5× TBE buffer, using the CHEF-DRII (Bio-Rad) with a pulse time of 10-20 sec, 200 CV, at 14°C for 21 h. The gel was then stained with 0.5 µg/mL ethidium bromide at room temperature for 30 min, photographed, and subjected to Southern hybridization analysis (Sambrook et al. 1989 ) using the rDNA specific probe.
Other methods
Life span analysis was performed as described previously (Kennedy et al. 1994) . The Mann-Whitney nonparametric test was used to determine statistical significance between the different average life spans using StatView software (SAS Institute Inc.). Replication fork blocking and slowdown activities were analyzed using 2D gel electrophoresis as described previously (Brewer and Fangman 1987) .
